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b. Research Objectives

The original proposal for research on high power Md:iglass heating of

gases listed three general tasks that were to be accomplished during the

one-yea study.

1. Demonstrate laser osoillator and first stage amplifier operation at

1.06 mm at power levels up to 1 KW.

2. Identify the geometric configuration and pressure levels for gas

aborbtivIty measurements at 1.06 us.

3. Establish physical principles that approximate the interaction

between a short duration, high power laser beam and a gas, in order

to guide experiments. Obtain representative preductions from

one-dimensional laser absorption analysis at 1.06 us.

However, It had been Identified early In the contract year that this

research effort would not be continued beyond the one year funded period.

Accordingly, there was doe-emphasis of the tasks 2 and 3, with greater emphasis

on task 1: determination of amplifier performance for a mode locked

oscillator output.

% ,1

".,

a.

'V,&



2

a. Status of Research Effort

1. Experiment (Zich)

Studies were made of several aspects of the physics involved in

the operation of a high power, mode-looked laser. The theory of

mode-looking and the methods of achieving ode-looking in a system

were investigated and the results were presented in a report

(Appendix A). Mode-looking and simultaneous mode-looking and

Q-switohing are of interest because the peak powers obtained are

higher than the powers available from CW operation. The higher peak

powers yield greater efficiency in frequency doubling and in

extracting energy from an amplifier. The spacing between the

mode-looked pulses is of the order of 10ns, which allows some time

for repopulatln of the lasing level as well as offering the

possibility of temporal resolution in diagnostics work or of

statistical signal averaging., The diagnostics possibilities are

dependent on a fast detection and recording system.

The effect of Nd doping levels in glass rods was examined with

regard to producing a uniform bea. At higher doping levels,

absorption of the pump light in the periphery of the rod results in

less pumping of the rod center and lower intensity at the center of

the beam. In extreme Cases this yields an annular intensity

distribution (Appendix A).

A study of thermal effects in laser rods was carried out. The

report of this work is included as Appendix B. The study was

undertaken anticipating heating effects would occur in *he amplifier

. rod with relatively long pump time with.10 me bursts. Thermal

.. :.... .....' .. . . ,.[ . . ,. .. . , . . ,....- ,.. .. . . . _. .,. ', . . .,, , >,,
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lensing and thermal birefringence also occur in quasi-ow or

multi-pulse systems. Thermal effects could be significant in the

oscillator as well. Thermal effects cause distortion of the beam,

which could lead to unaooeptable divergence end/or uneven heating of

a working fluid. In addition, frequency doubling or diagnostic

applications require a uniform beam for acceptable performance.

The primary work accomplished under this contract was the design,

assembly, and operation of an Nd:YAO/d:glass laser systm capable of

operating mode-looked or mode-lookedIQ-switched for up to 10s. This

involved a survey of laser and component suppliers to determine

possible vendors for the system components and for additional

equipment such as detectors, power supplies, oscilloscopes, etc.

needed to operate and characterize such a system. Components were

selected to meet the system specifications. An equipment budget is

presented In Appendix C. There were two major delays in the delivery

of equipment to the laboratory. The first of these was In the

construction of the power supply for the laser amplifier. The second

delay was in the Tektronix 7104 oscilloscope. The design and

anticipated performance of the laser system is detailed In

Appendix D.

A Quantronix model 116R-O/4L-QS Nd:!AG laser was chosen for the

oscillator. This laser offers the possibility of running CV, C.

mode-locked, Ci mode-looked/Q-switohed, repetitively Q-switched, or

single shot Q-switched. The oscillator is set up to run In the TEM,

mode with an averaging power of 14WV CV, and an average power IOW C.

mode-looked. The beam divergence is 2.2mr. Each mode-locked pulse

Is 100 ps long and is lOOnJ. The spacing between pulses is 1Ons.

'-
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Full specifications of the oscillator are given in Appendix D. The

output of the oscillator was observed to insure that mode-looking and

Q-switchLng were occurring and that the frequency of both processes

was as expected (Appendix ).

The amplifier was an Apollo Lasers model 26520 S amplifier

system. The pump length of the amplifier head is 12* (-15' rod).

The power supply has a total capacitance of 4800if which gives an

energy storage of 57,624J at a charging voltage of 4.9kV and 83,544J

at 5.9kV (maximum). This s a.rranged in two banks of ten 2IOIf

capacitors. The rod is pumped by two helical 6" Xenon flashlamps

(Spacoglass), each flashlamp driven by one of the banks of ten

capacitors. A network inductors lengthens the discharge time to

enable the flashlampe to pump the amplifier rod for 10m. The power

supply is constructed so the pumping time may be changed in 1 me

increments from Imm to t0ms by adding or detaching capacitors from"";-..*'2-
,.I

the lamps. Each capacitor Is worth about Ime of driving time.

The amplifier rods are Kigre Q-246 silicate glass, 15" x 3/8"

diameter, with 60 beveled ends, 3% doped. Silicate glass was chosen

because of the good wavelength match with Nd:YAG. The fluorescence

peak of Neodyium in ,ag occurs at 1.06,pa. In silicate glass the

peak is at 1.062um, 0.002ps different from Nd:YAG, whereas in

phosphate glass the is at 1.054un, 0.010um away from the peak of

Nd:YAG. With the peak fluorescence wavelengths 0.0101a apart the

gain available from phosphate glass Is considerably less than it

would be if the wavelengths were the same. Because phosphate glas

in general offers higher gains than silicate glass, It has been

proposed that the large wavelength difference can be offset by the

r.; '
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higher gain of phosphate glass when designing Nd:YAG/Nd:glass systems.

% d Tests on a second laser system indicate that the wavelength

difference is still significant, and the silicate glass is a more

appropriate amplifier for NdtXAG than phosphate glass. Silicate

glass has an advantage because it is harder than phosphate glass and

More likely to stand the stress of high pce pumping without damage.

The oeoillatcr/amplifier system was set up as diagrammed in

Appendix D. The oscilator. 1OX beam expander (Special Optio model

52-25-1OX-i..06), and amplifier were erranged linearly (straight bea

path, no mirrors) with about I meter between oscillator output mirror

and beam expander, and about 2.5 meter betw"ee oscillator and

amplifier. The spacing between the components is large to inhibit

feed back and to reduce divergence of the system. Deem tubes

enclosed the beam path between components and the beam path to the

detection system. This was done to reduce the effects of dust on the

system and to increase the safety of the people working with the

laser.

The Investigation of the system performance was carried out

using energy meter and photodiode measurements. The overall gain
Ia..

measurements were done by measuring the amplifier input laser power

with a Coherent model 201 power meter, then calculating the Input

energy using the amplified burst length as measured by photodiode

trace and energy - power x time. A Quantronix model 500 energy -'

receiver was used to measure the laser energy output of the amplifier. "-

V
There was no means to input oscillator energy into the amplifier for

Just the time when the amplifier flashlamps were being driven, so the

electromechanical shutter on the oscillator was rigged to allow -4m1-

14
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(shortest time interval possible) or CW mode-looked emission into the

amplifier. During this time the amplifier flashlamps were fired.

The oscillator energy which went through the amplifier when the

flashlampa were not fired was measured, and this background was

subtracted from the energy measured when the amplifier lamps were

fired. This was done because the amplifier lamps were driven for a

zaximum of lOms, and the unamplified oscillator energy passing

through the rod before and after the lamps were fired was significant.

Measurements were started using I capacitor/flashlap (1s setting)

and additional capacitors were added as the study progressed.

The average CV mode-locked output of the oscillator at the point

of input into the amplifier was 6.82W. This is reduced from 10.5W

output of the oscillator because of off-optlmui operation and losses.

The 6.82W is the power of the entire beam. Tests with a 3/8" (rod

diameter) aperture In front of a power meter at the rod location have

shown that because of divergence only an average power of 3.51 W

were input to the amplifier rod. The mode-looked and the Q-switched

pulses were observed with a Ford Aerospace L4501 photodiode. The

frequency stability and the amplitude stability of the pulses was

excellent. The output power of the oscillator was observed to

fluctuate slightly (5%) on the 10a scale. This is a result of arc

lamp fluctuations.

There were problems with the amplifier system power supply. At

amplifier run times above 5 capacitors/flashlmp (of a total of 10

capacitors/flahlamp possible), at 4.9kV, the magnetic forces on some

components in the power supply caused these oponents to twist and
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to break free of their mounts. This required a significant delay to

design fabricate and install stronger replacement mounts.

Energy and gain measurements were made for different numbers of

driving capacitors and different charging voltages. Using one

driving oapacitor/flashlamp at 4.9kV the average energy output was

0.2204 the average gain under these conditions was 79.58. For two

capacitors/flashlap the output was 0.433J and the gain was 61.26.

With three capacitors/flashlamp the energy was 0.684J and the gain

70.65. Five capacitors/flashlasp gave an average of 0.938J and a

gain of 59.00. Using seven capacitors/flashlamp produced an energy

yield of 1.05J and a gain of 1.97 (58.42 for a 5in period). Ten

capacitors/flashlasip gave an energy of 1.16J and a gain of 32.37

(63.9 for a 5um period).

In an effort to obtain higher output energies and gains the

amplifier system was modified to charge to a maximum of 5.9kV instead

of 4.9kV. This was done after consultation with Apollo Lasers and

Space Glass (the flashlamp manufacturer). Measurements taken at

Increasing voltages using one capacitor/flashlamp showed a dramatic

increase in energy output and gain as voltage increased. At 4.9kV

the energy was 0.220J and the gain was 79.50. Increasing the voltage

to 5.5kV gave an energy of 0.345J and the gain increased to 94.26.

At 5.9kV, the energy was 0.557J with a gain of 152.25. With a power

input of 3.51W, this indicated 0.53K W amplifien output; alignment to

reduce divergence should provide the desired 1KW power level.

Other observations made of the amplifier output burst revealed

unique characteristics of the burst. Photodiode observation showed a

model structure with a temporal separation of 200us - 250us

14 . ,. .. , •.."''
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(Appendix E). These were not related to the mode-locked pulses. The

mode-locked pulses were observable within the mode structure when the

time scale was decreased. The pulsed structure in the burst appears

under a number of different conditions, including attenuation of the

beam using a beam splitter and a dispersing lens. A possible

explanation Is that the pulsing in the burst is related to

relaxation oscillations in the rod; this was described by W. Kochner

(Solid-State Laser Engineering) although relaxation oscillations are

amonly at a 50kHz - 200kHz frequency rather than 4kHz - 5kHz.

Another possibility investigated Was fluctuations in flashlamp output

due to current or voltage fluctuations. The voltage and current

driving the flashlampe showed *o oscillations which might be related

to the pulsation. (Appendix K)

Photodlode records of the amplified burst while the system

operated for 10m showed that the amplifier would amplify for only

about 5 ms, although the flashlamps, as indicated by current and

voltage records, pumped the rod for a full 10mi. This tendency is

evident for all run times greater than 5ms. At run times less than

5ms the amplifier amplifies for the entire time period. The cause of

this phenomena is not yet understood. A 14" x 3/4" ED-2 silicate

glass rod was borrowed from Apollo Lasers to test whether the

Pulsation and gain decay effects originate in the type of silicate

glass used in the amplifier rod. The test was not entirely

sucesfl, apparently due to poor pumping of the rod resulting from

absorption in the thicker rod. The ED-2 rod did amplify at a very

low level (gain 20 - 25), and the amplified burst shows a smooth

structure with no pulsations. At the same 3kv voltage, the Q-246

silicate glass rod did not demonstrate the fluctuating-output evident

at higher charging voltages.

.% .. o .%."-.% 't % " ".% " ". % " " " % ". ." % %,%" , %"%" " %" %Y -" %" 
•
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As a data recording system for the laser system, a number of

alternatives were considered. There is not yet a digitizer or

oscilloscope with fast enough response to capture the 1 OOps pulses

without distortion. A fast programmable digitizer would allow

observation of the pulse shape based on the known electronic

characteristics of that digitizer, but budget constraints did not

permit this option. A fast oscilloscope was chosen after a

demonstration of the oscilloscope showed the mode-locked pulses would

not be distorted to uselessness by the device. A more complete

report on detection systems is included in Appendix F.

Recommendations

The "200us pulsations in the burst structure should be

investigated further. The test using an ED-2 amplifier rod seemed

promising, but a test with an ED-2 rod of the same size and end

-. bevels as the present Q-246 rod would be more conclusive. Additional

-* .- tests with identical Q-246 and ED-2 rods might also indicate the

cause behind the gain decoy after 5ms. Comparison with results from

a phosphate glass rod would establish gain factors for phosphate and

silicate glasses amplifying Nd:YAG, as well as providing more data on

the use of Nd:glass for long burst/pulse amplification. Studies of

the gain and energy output of the present system should be pursued to

determine the benefit of driving the amplifier flashlamps at higher

voltages. Comparison should be made between the efficiency of fewer

long bursts versus shorter bursts.

.-,7
po~
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2. Theory (Breisacher)L

The mechanism of a continuous-wave laser propulsion system and

the potential uses of such a system were outlined. The formulation

of a one-dimensional model for an absorber and nozzle combination, as

developed by Markle and Gulati was examined In detail. The problem

of divergence of- their solution ror the absorption chamber being

radiated at short wavelengths was considered. A plan of attack was

developed utilizing the new numerical method of Keefer, Peters, and

Crowder to obtain a complete numerical solution for an absorber and

nozzle wavelengths of .53,s and 1.06uim at incident laser intensities

on the order of 4.0 x 107 W/m2.

The results of this effort are as follows. First, the

representation of the thermodynamlo properties of hydrogen under the

influence of short wavelength radiation was completed. The second

major effort involved utilizing Keefer's numerical integration

techniques to the absorption problem for short wavelength. The

results were partially successful. There was limited Information in

the literature on the details of Keefer's techniques. However, the

present effort did succeed in achieving a satisfactory solution for a

test case reported by Kefer. However, exact reproduction of his

results was not obtained. The incident intensity was a factor of 3

different, while the position of real temperature occurred densities.

This effort was terminated with the graduation (B.S. In Aerospace

Engr.) of Mr. Brelsacher in June 1984.



d. Written Publication in Technical Journals

None
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APPENDIX A

N DETAILED INVESTIGATION 0F LASER OPTICAL TECHNIQUES

A. Mode Locking

A further study Of mode locking and mode-lockers has been made.

Mods locking is a process which restricts the axia modes, of a laser so

they have a camson phase relationship. The term "azial modes" is a

reference tothe ability of lasers tosupport a number (nnywhere from

The explanation of this Is as follows: the toal gain of a lasing medium,

i(a), is a function of the single pass traveling-wave gain W.

There is a phase shif t during amplif ication which comes f rom a term

n 0 L/c in h~)where no - index of refraction of the cavity, w - center

frequency of the laser line, L - cavity length, and c - speed of light

(2n0 wL/c f or a round trip In the icavity). Because of this term the gain

Is high only for frequencies which f ulf ill the 'condition.

-:2nowL/c *2wq q -0, 1, 2, ...

Thus, the frequencies are:

f a /2w aqc/2n L

with the additional stipulation that the frequencies lie within the

atomic linewidth of the laser transition. The frequency spacing between

two adjacent axial modes is

f-f - f *c/2n Lq+l q c

In practice ac is often taken to be equal to unity for purprses of

%.
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estimating the pulse lengths and the frequency spacing. In other words,

since the frequency linevidth of the laser transition is finite, a

range of frequencies can be supported by this transition. The allowed

frequencies are then determined by the requirement that en integral

umber of half vvelengthe of the given frequency must exist in the

cavity, otherwise destructive interference will occur and the wave

will be extinguished. These frequencies constitute the xial modes. .,.

The peak intensities versus frequencies of the nodes for a given

transition dearmiLne a Gaussian envelope centered on the midpoint frequency

of the transition. Individual mo"e Intensities are given by2

I I exp(-4 ln( 2(floc/fJ) 1)W. i

where I - .ode intensity at line center

W* m node separation

am - half maximm bandwidth for mode amplitudes

n - mode uumber, 0 to (N-1)/2 (N - the number of modes supported)

Mode locking is a method by which the initial phases of the axial

modes emitted by a laser are set to a common value, i.e. only photons

which start circulating in the cavity at the same time are permitted

to stimulate emission of further photons (be amplified) and be output.1..

This results in the output of the laser being a series of short duration, N.;

high peak power pulses rather than being output continuously at a

lower maximum power. For a cv-driven laser the mod-locked output is

a continuous train of pulses. In the case of a pulsed laser each pulse

is an envelope for a train of mode-locked pulses and the peak pulse

6.N



power is increased. This mode locking as done by Inserting either an

amplitude (AM) modulator or a phase (FM) modulator Into the laser

cavity. Considering a general expression for an electromagnetic ftield.

4, %(~i Izex ([W+ UU) t+O

where 0 center frequency of the laser transition

i aode separation

a = mode unber

O *Initial phase

Hode locking forces all the 0 n to a comon value of Oi.?. 2mw. The

output of the Uaser with respect to time and frequency Is no longer

similar t6 that shown In igure 1, for a nou-node-locked laser, but

is like that of Vure 2.

.
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Fi. 2. Signal structure of an ideally mode-locked lasr.

in the tpe of system under consideration, a ev-drives Nd:.YAG

oscllator has an acoustooptLcor oloctroIptic device placed In the

laser cavity~ tomodutethe circulating light, preventing light modes

without the chosen common in1iia phase from being amplified. This

modulation Is perioditc with a frequency equal to the frequency sepaaton

of the axial modes (f - /2L using us 1),Or equal to one-half this."

frequency.0a

Amplitude 2odulation sotiucue kno iealosy mode-lotion, lorks

by tnhroducing into the cavity a u im-varyi n transmission Since the

iclt requires a tie of 2/c to make a round tri p o the cavity, 

lransitsston maxdum thich occurs every 2L/g wll pass the light (modes)

with a oumon the ctalphase or siarntn te, nd block the re e of t he

mohu. tot of he population inversion ean depees o amplify the

como-phase modes, yildtn a shot, high peak poer puse. aleraals

so6

.rq.n7
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in common use today for AM mode-lockers have transmishion Maxim which

occur twice during one period of the driving frequency and are driven

at a frequency equal to one-half the axial mode separation to provide

the correct frequency of transmission maxima. Zn practice mode-lockers

are placed as close s possible to the 1002 mirror to avoid the problem

of having to time the modulation to pass the light pulse both coming and

going. The pulse passes through the mode-locker,, reflects from the

mirror, and passes back through the ode-locker during-one transmission

maxima. The round trip transmission function for AM mode-locakers is

given by 4

T(t) *exp (-A 2t)

where 6m - A. nodulation index

The second method of mode locking a laser ts phase modulation. Phase

modulation uses an electrooptic device in the laser cavity to cause a

frequency shift in light which passes through the modulator except light

which passes through when the frequency shifting property is zero. The

'modulator does this shifting by introducing a sinusoidally varying phase

perturbation 6(t) into the cavity. The shift in frequency is proportional 71

to dd/dt. This causes an ambiguity because the light pulse may pass
k..

through the modulator at either of the two extreme of 6(t). in operation

only one of the axtreme acts as the gate at a time, as larger losses in the

cavity vould occur otherwise. The driving frequency of a phase modulator

is thus equal to the axial mode spacing rather than to half the axial

mode spacing as is the case vith amplitude modulation. Repeated passes

. .... . ,. .. .*\ ,: ,*. .. Qs . .,. *..., • . .. .. . . ... . ,. .,,. . . . ..
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of light through the modulator (other than at d6/dt - 0) results in

the frequency being shift further, eventually being pushed outside the

bandvidth vhich can be ampJLf Led by the active medium. One author

(ucher ) st that this frequency shft is due to a Doppler

shift, while others (IaiseSga) bold that the shift to due to a linear

frequency shift (chirp). The round trip transmisson function Is'

2 2T(t) mw + ±6re t)

where G6m peak phase retardation

Most camercial mode-lockers used on Rd:YAG lasers are of the

acoustooptic variety because higher optical quality Is available for this

type of device at present, and Nd:YAG lasers are very sensitive to the %

optical quality of anything put Ln the laser cavity. Also, the

acoustooptic mod-lockers are easier to modulate than electrooptic

mod-lockers.8

B. Simultaneous Mode Locking and Q-Svitchin.

In current mode-locked Nd:YAG laser systms the user may choose

between a mode-locked system and a mode-locked and Q-svitched system.

During pumping, a population inversion occurs in the laser edium.

When the population inversion reaches a certain threshold level,
spontaneous emission vill be able to deexcite enough ions to deplete

the inversion and lass. Q-svitching prevents any spontaneously emitted

light from circulating in the cavity and depleting the inversion.

'Se
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In this manner the inversion to allowed to build up to a such higher

level, storing more energy. VWhen lasing is allowed to occur the pulse

will be of higher energy than that from a unswitched system, both

because the population Inversion is initially higher and because the

greater numnber of ions deexciting, gives a higher photon density which

deexcites a greater percentage of the Inversion. Also, because of the

high gain the Inversion is deexcited in a short period of time (although

not short compared to mode-locked pulse lengths). Because of the high

peak power of a Q-switched pulse compared to that of unswitched pulses

the Q-svitched pulse Is ref ered to as a'giant pulse. The evolution of a

Q-svitched pulse is shown in Figure 3.9

can

n' _ _

flu asafnto f im.
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The Q-svitch prevents light circulation In the cavity by greatly

Increasing the energy loss per cycle. Since the quality (Q) factor

Is the ratio of energy stored In the cavity to the energy lost per

cycle this lovers the Q of the cavity (also known as Q-spoiUng) (10).

Use opoiling can be done either mechanitfl as with rotating mirrors

or electrooptically as with Pockels cell polarizers.

Combinine mode locking and Q-switching gives much greater peak

power pulses than either process alone gives *ll Simultaneous mode-

locking and Q-switching results in a mode-locked train of pulses under

a Q-svitched envelope. Cohen 12has fieported pulses with a peak power

of a&-megawatt with a repitation rate of up to 800 Hz. Kuizenga, et a1. 13

experimented with simultaneous 1mode locking, and Q-switching. They

repoted btaiingpulse lengths as low as 100 ps, however, they also

found that the steady state mode-locked pulse length could-only be
obtained If the population inversion before Q-svitching Is close to

threshold. This gives low peak power pulses and problems with pulse to L

pulse stability.

The repitation rate would be a definite problem in trying to

incorporate both Q-switching and mode locking into the proposed laser

system. Current repetition rates for Q-switches are around 1kHz f or a gain

14
in peak pulse power. Since the desired pulse repetition rate f or the

oscillator is 100 M~z, attempting to Q-switch the system would result in a

degradation of performance.
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C. Effect. and Iffectivenesm of Laser Rod Doping

One of the qualitis desired in a solid state labsr is efficient ugs,

of the oscillator and amplifier rods from a Pumping standpoint. Since

light from the pumping lamp(s) is absorbed by both the neodymium and
Se

the TAG or glas host, the closer one Bets to the azis of the rod, the

less energy to available to excite the noodymium. This leads to a

radial. profile In which the emission is most intense near the outeir edge

of the beam. in severe cases an annular mission occurs, with little

or no lasing from the center of the rod, The Naval Research Laboratory

did studies using 1/4" diameter Nd-doped glass rods. For a rod with

9Z doping an intensity variation of 36:1 from edge tocenter of the rod

was found. For a rod with 3% doping a variation of 6:1 from edge to

center was observed. While a beam with a uniform radial intensity

profile is not necessary for propulsion applications, design criteria

used in obtaining such a beam can be used in systems which do require

a fairly uniform bem (ag. Thompson scattering plasma diagnostics) and

in getting 'the most off icient rod use for the system under study.

Two considerations which have somewhat more bearing on the proposed

system are that, in Seoneral, the power output of a laser increases

with higher doping levels, and that too much energy absorbed in any

volume of the rod can cause rod damage. Thus there is a tradeoff between

higher power per given rod size and lower doping (and pumping) levels

to lengthen rod life. For the Argus and Shiva laser systems, Lawrence

Livermore Laboratory has determined that a combination of a special

multi-elliptical pump cavity and a constant rod diameter (D)-doping

9-
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(P) product of

DP' .4-cu

gives a uniform beam profile from ?:silicate glass rods.16  The

LLL experience will be useful when decidin "on the beast doping level

for maimum power with good efficiency in the envisioned Md:phosphate

glass amplifier rods.

For Nd:TAG rods the neodymiu doping is usually limited to a

maximum of 0.727 to 1Z. When doping levels are higher than this the

transition lifetime tends to shorten and. the linevidth broaden. Also

the higher concentration of neodymium causes stresses in the YAG degrading

the optical quality. Within these limits the doping level is determined

by the application of the laser. Lower doping levels of around 0.51

are used when the laser will be CV, while higher levels (0.87%) are used

for Q-awitched lasers. As with glass rods the higher doping gives more

energy storage at the price of a less uniform beam. The mode locking

of the proposed system has a similar effect to Q-switching in that the

peak power is increased, and since it is a high power system, so a high

doping level will probably be acceptable.1 7

*1
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APPENDIX B

THERMAL EFFECTS IN LASER RODS

Heat Generation in the Rods

When a laser system is run either cv or with a high average power,

beam distortions caused by thermal effects become a significant problem.

These effects are termed thermal lensing and thermal birefringence, both

of which viii be discussed in greater detail later. The effects occur

because of heat generation in the rod, and may be a result of heating

during the pumping cycle or of a combination of heating and cooling of

the rod. The way thermal effects manifest themselves is dependent on

the mode of operation of the rod and the method of cooling.

The heat is generated in the rod by three mechanisms:

1. the transition between the pump bands and the upper

level of the laser transition is a radiationless transition

in which energy is lost to the host through phonons;

2. the quantum efficiency of the lasing transition is

less than unity, meaning some of the energy is lost to

the host;

3. the host material directly absorbs pump radiation in

the ultraviolet and infared.

The first two mechanisms are grouped together by some authors under

the quantum efficiency or the quantum defect.2  Little can be done

to affect them, and they will not be discussed further here.

Operation of the third mechanism is dependent on both the host

material and the method of cooling used. Infared absorption by the rod

is greatly decreased in systems with water-based coolant because of the

S -*
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high absorption of infared radiation by the coolant. Some ultraviolet

radiation is absorbed by the coolant, which results in deterioration of

the coolant, however absorption of radiation by the ultraviolet edge

of th. host causes a significant heat problem. The ultraviolet edge

is the region where the absorptivity of the material increases sharply r

4with decreasing wavelength. In most glasses the ultraviolet edge

5occurs in the region between 200 and 400 nu. In YAG the edge occurs

toward shorter wavelengths and presents les of an absorption problem.

Figure 1(a) and Figure l(b) show a typical id 3 + absorption spectrum

in glass with and without the ultraviolet edge. 6

(a

UN

1b)

wavelength

Fig. 1 Abt.rption spectrum (optical density) of

Nd in glass in the 200 to 1000 n region.
(a) Baseline is marked. (b) Net Nd
absorbance after subtraction of the baseline.

-  ,-
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In phosphate glasses, as compared to silicate glasses, the ultraviolet

edge Is shifted towards shorter vavelengths. This results in less

absorption because there is less pump energy at the shorter wavelengths.

Ultraviolet absorption is particularly bad because the ultraviolet light

is absorbed in a very short distance (-i), causing severe stress in

the rod.

Parameters Influencina Thermal Effects

The optical and mechanical response of a laser rod to heating is

based on the mechanical and thermal properties of the host material.

The following is a list of properties taken from BROWN 8 important in

describing thermal effects:

Thermal Properties

K Thermal conductivity, important in considering the
ability of a host (in this case glass or YAG) to
dissipate heat, (cal/cm saC].

c Specific heat, partially determines the ability of a
host to dissipate heat and induced temperature
change for unit heat input, [cal/g "C].

a Thermal-expansion coefficient, partially determines
the change of linear index with temperature change,
important in determining the curvature in an active-
mirror amplifier Induced by Xe flashlamp pumping,['c-l].

K/dc Thermal diffusivity, d is host density [g/ca3,
determines the thermal decay time constant or heat
removal time, [c2/*].

ell
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Mechanical Properties

E Young's modulus, determine. the stiffness of a
laser desk or rod, related to hant hardnesn and
photoelastic constants, 1kg/cm2].

V Poisson's ratio, needed to calculate photoelastic
constants, dimensionless.

d Density, needed to evaluate K/dc, partially determines
the induced temperature change for a liven heat -"
input, Eg/cm3j.

. Knoop Hardness, determines the abrasion resistance f
a host, directly related to rupture strength (kg/cmf].

Thermal-Optic and glasto-Optic Propertie-

B mRefractive-index temperature coefficient, partially
dT determines the change of linear index with induced

temperature change, ['C 1-].

fS+U(n-l) Thermo-optic coefficient, in the absence of stress in
a host gives the total chane of linear index for a
given AT. [. 1*].)

"B B Photoelastic constants, partially determine the change

of index or optical pathlength with applied stress in
the perpendiculr (1 ) or parallel (Bll) directions,

" ' ~[(nmica) /(kg/c,.)

B Stress-optic coefficient, given by B - B
[ (nm/cm) / (ks/cm2 )]. 11,

There are certain general rules of thumb which apply when comparisons tr

are made between the various properties of TAC, silicate glasses, and

phosphate glasses. These are by no means absolute for all varieties of

glass, but will give some idea of what to expect. Following BROWN

these general relationships are given. For details of properties of

specific glasses or YAGtabies such as the Nd-Doped Laser Glass Spectro-

scopic and Physical Properties should be consulted. YAG, being a

9.e
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crystal, has a much higher thormal conductivity (K) thnn the Aflnnes.

On the average the thermal conductivity of the phosphate glasses is

very such lass than that of the silicate glasses. Thus YAG has the

highest ability to dissipate heat and the phosphate glasses the lowest.

The specific heat (c) of the phosphates and the silicates varies without

regard for. coposition, with the specific heat of YAG falling toward the

low and of the range. Thermal expansion (a) tends to be greater for

phosphates than for silicates. The thermal expansion of YAG depends on E

the crystal axis, averaging about the same as the silicates. The higher

the thermal expansion, the greater the Problem of thermal lansing.

Young's modulus (E) and the Knoop Hardness (H) are both much higher for

-AG, a crystal, than for the glasses. The phosphate glasses have both

the lowest Young's modulus and the lowest hardness. The photoelastic

constants, Br and I, are smaller for the silicates than for phosphates,

however, the stress-optic coefficient (3) is usually greater for silicate

glasses. As a result of this the phosphate glasses tend to suffer

less from stress birefringence than silicates, although the silicates

generate less heat and cool more quickly.

Thermal Profiles and Optical Distortion Effects

While qualitatively, thermal effects in laser rods are always the

same, the manifestation of those effects varies according to the amount

and the distribution of heat In the rod. Thermal profiles and corresponding

thermal effects will be discussed below for different operating conditions.

Much of the notation used will follow KOECHNER (Solid-State Laser Engineering) 10

as will some of the organization.

.1'.
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Tite three basic modes of operation of a solid ntnte Inner nrc.

continuous (aw), single-shot, and repetitively pulsed. The single-

shot differs from the repetitively pulsed laser in that the single-shot

laser is allowed time to totally thermally relax between shots, wheras

the repetitively pulsed laser frequently Is not. The behavior of the

repetitively pulsed laser approaches that of cv operation or single-shot

operation depending on the ratio of the pulse interval to the thermal

relaxation time of the host (usually glass for pulsed systems). L

The thermal effects produced by heat generated during operation are

thermal focusing or lensing, bifocusing, and (stress) birefrinsence. 12

These are the result of thermally induced stress and/or expansion of the
4..

rod which produce: (1) a change in length; (2) a temperature-dependent

change in the index of refraction; (3) a stress-related change in the

index of refraction. 13

Considering the simple case of a continuously pumped rod with uniform

internal heat generation, cooled by a fluid flowing along the rod surface

and ignoring end effects, the steady state heat distribution in the rod

is obtained from the heat conduction equation. ,

d2T 1 dT,
dr2  rr K

where Q - rate of heat generation per unit volume

K - thermal conductivity

Solving this for a rod of radius a with the boundary condition T(r-a)-T s
16

gives

T(r)- T +. (Q/4K)(a2 -r
2)

..
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Using n as the fraction of electrical power input into the lamp (Pn)

vhich is dissipated as heat in the rod (P5), the temperature distribution

in ters of the coolant temperature (TF) is

T(r) - Tir + + * (a 2 r )
4 a LK

where h -surface heat transfer coefficient (W/cm 'K). Note that the * ,.i

temperature profile is. quadratic, and that the temperature t highest

at the center of the rod.

The higher temperatures at the rod .center generate siresses because

the center of the rod would tend to expand but is prevented from expanding

by the cooler outer portion of the rod. Thus the center of the rod is

under compression while the exterior sections are under tension. A graph

of the stresses a a function of radius for an Nd:YAG rod is shown in

Figure 2. 17

III 1210 ... ;

12- 343
10-
. 162
,g ,i , i, ::.g

2 0.2 04 0. 1
141

;.,

.6| -421

-10 -":
-12 -843

-14 --.

-°o -920

Fig. 2 &adial (a_), tangential (a,), and axial (as)
stress coiponents within a Nd:YAhO crystal z

a a function of radius.

-: . ,



Note that as power dissipation in the rod increases the tension on

the outer surface of the rod also increases. For power levels which are

too high the tonsile strength of the rod material can be exceeded, causing

rod fracture.
With a temperature profile available, the stresses in the rod due

to thermal causes can be calculated. RIEDEL and .BALDWIN give the stress

relations for an isotropic material as *

(a (rt) - -f.[2 a rr- L r Tort rdrl a
r 1- 2 j~~t 2 ja r

0 0

ME I a 1
1-v 2 T(rt)rdr + T(r,t) rdr -Tr,t),]

a J04 r Jo

a

_ (rt) - [ J T(r,t) rdr - T(r,t)'
z 1-va 2 o1

Those hold for laser glosses, which are isotropic materials, and YAG,

which, although not isotropic, has elastic behavior very much like an

isotropic material. 19 From these relations the thermal stresses for

20
the cv-driven rod are calculated to be.

~r(r) - 13T(1-v YKiwL ( 2 -

a.,

qP1nE 2 _ a2o) (r) -16 (1-v)kw Or-a
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a, (r) * 11 inc 1 2r 2 - n2 1

The thermal strain distribution can be determined using the stress-etrain

21
relationships

9r  f or - ye4 + a Y] + zT.., .

I [ . V(r + a) + ST
+ a

C, r

The thermal strains for the rod are then 22

S anPin [(3-v)a2  3(v+1) r2 ] + cLTs
r 16 (1-v)KRa 2L

W nin 2 2
S"16(l-v)K 2 [(3-v)a - (v+l) r21 + *T a

.

s  in + in 4

8a

Using the calculated strains in combination vith the fourth-rank

photoelectric tensor, the change in the Indicatrix (index ellipsoid or

!5
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ellipsoid of wave normal.) can be calculated. The indtceitrix. described

j by BORN and WOUJ t2oi a mathematical construct whose properties can

be used to find the Index of refraction for a particular propagation

V ~ direction or polarization. Changes in the components B~ are given by

As~ Pijklc1

With the changes in the indicatrix the changes In the Index of refraction

for radially and azimuthally (tangentially) polarized light can be

calculated. These changes are given by

1 3

an 0 AB

I%. While TAG may be treated as isotropic elastically, the photoelastic

effect in TAG is not isotropic. Because TAG laser rods are grown with the

axis In the (1 1 1] direction-and the published values are for the

(1 0 0] orientation, a transformation must be performed to the [1 1 1]

Ifor the LB calculation when dealing with TAG. Once the transformation has

* been performed the changes in the indicies of refraction are 2

An 1 3 oOlPin C 2

r Po w2L Cr
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"" . -i iP4 n Cr2  -.
An 2 n r

where .-(17v-7) . + (31v-17) P12 + 8(V+) P.'

Sr A848(v- 1)

(lO,-6) P11 + 2(Ilv-)P 12
C * 32 (v-l)

In both Ar and An there is an additional additive constant term which

is not shown above. Since only the radial variations are necessary to

calculate the thermal focal lengths and the induced birefringence the

'constant term my be dropped (see ?OSTER and OSTERINK, Ref. 25).

With the thermal profile and the stress distribution in the rod I.-

optical effects originating from thermal causes may be examined quantitatively.

Since the index of refraction is changed independently by temperature

and by stresses the index of refraction may be vritten in three parts '.

nWr)- n + Anlr)T + An(r),

where no - index of refraction at the center of the rod.

Thermal focusing is caused by both the temperature related change

26
and the stress related change In the index of refraction. The major

contribution to thermal focusing (-74Z) comes from the variation of

refractive index with temperature. Another 20% is accounted for by stress

related changes in the index of refraction, vhich also introduce biaxial

focusing (different focal lengths for different polarization directions).

The remaining 6Z of the effect is caused by curvature of the end faces.

& :..
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That this last portion should be so small is expected because the x-component

of the thermal strain distribution has no r dependence, i.e. thermal
271

focusing is not caused .by the rod being distorted into a lens shape. 27

Examining the thermal part of the index of refraction it may be seen

from previous expressions that the temperature change radially between

the center of the rod and a point a distance r away is

A - nPin r2

This gives

n(r) Pin dn r2

4Kwa2L dT

With the thermal and stress variations the total refractive index may be

written

rPin 1 dn 2 2
n(r) - no - 2 ( + d n c) t

2Kwa2L 0

The C represents either the radial (C ) or the azimuthal (C) photoelastic
r

constant, and thus there are different indicies of refraction for the two

polarization directions. Note that both the thermal part and the stress

related part of the index of refraction have a quadratic radial

dependence. For a medium in which the index of refraction has a quadratic

variation.

2 r 2

Sn"

__________0
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the focal length is given by 2

0 b

where L is the rod length and b io a constant. Substituting the coefficient

of r In the refractive index for b gives

qPin 1 n0 1d -1 -1+.~ +n CC) [(6 2(j-'Qn 1)
4n K-fak oKaL 0

The two possible values of C will give two focal lengths, dependent on

polarization direction (biaxial focusing). For a long focal length compared

to the rod length ZL/b << I and the focal length is approximately.

Kwa 2  .a+ 3l
qPin 2 dT 0

The end effects can be taken into account by finding the curvature

of the rod ends caused by stresses and expansion. The radius of curvature

of the ends is 29

2wa L
nPina

I~~1 Using the thick-lens formula 3

f R
2(n - ]

~ ~. - .-
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Substituting for R, the expression for the thermal focnl length of a

cw-pumped rod is

,2 aa (n -1)K Ln + mCno3+
,nPin 2 d 0  L

with the biaxial focusing caused by the difference in refractive index

for different polarizations.

Note that the sea treatment wll work for rods which are not cv-

driven, however, the temperature profile must be changed to reflect the

differnce in operating mode. There vill be more on different modes of

operation further on in this report.

The third thermal effect, birefringence, is caused by the anisotropy

of the photoelectric effect. Because of the anisotropy the radially

polarized component of light passing through the rod encounters a different

index of refraction than the azimuthally polarized component. The

difference in the indicies of refraction can be determined by subtracting

the stress induced changes in the total index of refraction for different

polarization directions from one another. The induced birefringence for

a cv-driven rod is then

Anr -An, 
3  uainC

2

l+v

Because of the difference in refractive indicies the phase relationship

between the two polarizations will be changed and linearly polarized

light passing through the rod will emerge elliptically polarized.

"w --- e ° , - . - , o o . - .- ° . . • °* - . . ' ° . o o • . o • . . . . -. - . - . . , o • , . .• .... . o
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There are three areas in the rod where this will not occur. Two of

the areas are along mutually perpendicular axes in the plane perpendicular

to the long axis of the rod. Along those axes only one index of

refraction exists, nr for the one axis and n* for the perpendicular axis.

Because of the single index of refraction light traversing the rod along P

these axes will have no change in the phase relationship between radial

and azimuthal polarizations. The third area where no effect will be

observed is along concentric circles centered on the rod center where the P.

total induced phase change is equal to an integral multiple of wavelengths.

In this case the change is effectively zero because of the cyclic nature

of waves. P..

This effect may be observed by sending an upcollimated beam from a

He-Ne laser through the rod between crossed polarizers. Where the

polarization is changed, the crossed polarizers will partially transmit -

the light. The unaffected light will be stopped by the second polarizer.

The pattern will show the cross and ring(s) (isogyre) structure described

above for the areas unaffected by the birefringence. A copy of a photograph
31

of this structure is shown in Fig. 3.

The reason that thermal birefingence presents a problem is that

several aspects of laser operation depend on a linearly polarized beam to S

work. The polarized beam is supplied by putting a polarizer in the cavity.

The in-cavity polarizer linearly polarizes the beam, which then is

partially depolarized by thermal birefringence. The portion of the iL

depolarized beam orthogonal to the axis of the polarizer is then removed

by the polarizer. This occurs each round trip in the cavity until the

bea is emitted. The birefringence also deforms the beam in the process

of depolarizing it.
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Fig. 3. Thermal stresses in a 7.5-cu-long and 0.63-ca-
diameter Nd:LaSOAP crystal. The rod was pumped
at a repetition rate of 40 pps by a single xenon * -

flashlamp in an elliptical pump cavity. Input
power (a) W15 Id, (b) 450 W, (c) 590 V1, (d) 880 W.

TO calculate light transmitted observe that to light circulating

in the cavity the rod and polarizer are the same as a rod twice as long

between two parallel polarizers. BORN and WOLF give the fraction of

32
transmitted intensity as

1out 2 a
1nsin (2.)sin(!)

where * m angle between the polarizer and one of the principal birefringence

axtes

- polarization phase shift

.. '

!:; ... ... .... .... .. . ..... .... .. .. :2 :
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For the cv-pumped rod the sinRle-pass phase difference is

3
2: 0 ~n C 2

u L (An -An) __r

K 2L B_ K* e2L

Since the birefringence is not constant integration over the area of

the rod is required to find the total fractional transmitted intensity.

This has been done for the multimode case by KDECINU 3a4 and by

35 and for the TUK case by UAnE 3 For the uultimode case the

integral is

t out 1f (1-Sin2 2* Sin2 . rdrd#
Iin m w2 I o 20

with a fractional transmission of

I.,..:

Sin (2 n 3 nPin C/K
Iout 3

i Sn an Pin CB/AK 
o

For the TEN case the integral is

2I a 2
out L -2r '2 2A~. dda o 2#i1 - Sin2 2d

wa o..
I in 1&2 o 0 V2

fe..

S.

",,%. "..% % -_,,% ° %,%.%.%•% ,"%¢%*.'% % o,., ° , • . • .,,. .,. • ,. o % •• ,. ."%"%"%". -%,, •. . ,' , . .... , , _,, ,* •,

• . - " - ---- . '-. . . '- -,.. J? ,'. ,- - ,.. _ : _ L'_.'- t'-" -'-.' .s,".. ",_:..'. .*ilk'-'-"- 
-'

"-'" "-'J-" -
" ' ' - "

"- "-- " "-• '* 
- ° ' -

'-- *" "



with a fractional transmisuion of

3 2.-I .n an Pin C AXK)out o

In 64 + 4(n3 riPinc /XK)2

2L-2rThe extra term e-- is an amplitude profile tarm with v being the radius
V 2. 

-

of the bass. If the rod length is small compared to the mirror radius w my

be treated as a constant. Cavity losses can be determined by subtracting the

fractional transmission from one,. A graphf of cavity losses verses pumping

power for sultimode and TEI is shown in Fig. 4.

0.1*

Lam mout gWMe I W

Fig. 4. Calculated resonator loss caused by the
combination of thermally induced birefringence
in a Nd:YAG rod and an intracavity polarizer.

The TEK losses are smaller because the beam is confined closer to the

center of the rod where the induced birefringence is less.

Single-shot operation is characterized by a (fast) pump pulse

followed by a period of cooling long enough for the rod to lose the heat

gained from the pulse. Thermal effects during single-shot operation



depend on the uniformity of the absorption of pump radiation. Because

lasing occurs at or near the end of the pump pulse, cooling does not

affect the temperature of the rod during the time when light in passing

through it. The thermal profile of the rod is thus determined by the

absorption of the pump pulse in the rod. for uniform absorption the

temperature in the rod is constant throughout the rod (for the period

of light transmission). In this case the thermal effects are limited to

a frequency shift of the laser radiation and an increase of the optical

path length caused by linear thermal expansion and by the change in index

of refraction with change in temperature. KOECIDIR 38 gives the optical

path length change as

-dn
A(o.p..) - L + noL&AT

Some work has been done on the problem of finding the thermal profile

of a pulse-pumped rod, however most of the solutions were based on the

assumption that the surface temperature remained constant when in fact

the coolant temperature remained constant and the rod surface temperature

varied. 39 The results using the constant surface temperature assumption

yielded thermal relaxation times which were two to three times shorter

than those observed experimentally. In a 1973 paper KOECHNER 40 did a

treatment of the thermal profile of a pulse pumped rod for the general

case. it was assumed that any pumping nonuniformity could be treated as

a parabolicefunction. Using this the temperature distribution at the end

of pumping is

--- ,'
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T(r,o)- 11 AT + (r2

where AT'is the temperature rise at the center of the rod and g is a pumping

uniformity factor: g - 0 uniform pump distribution, g 3 0 more pumping

at the rod surface, g < 0 more pumping at the rod center.

As described above, for the uniform pumping case the effect will be

an increase in the optical path length. For the g < 0 case there will

be a converging lens effect, as calculated for the cv-driven rod. When

g < 0 a diverging lens affect will be seen.

For a repetitively pumped rod the situation varies with the repitition

rate from the single-shot case to the cv case. The critical parameter

in determining how thermal effects will affect the rod is the ratio of

the time between pulses to the thermal time constant of the rod. The

41thermal time constant is

2 .

K

where K is the thermal diffusivity defined above. The thermal relaxation

time, defined as the time for the temperature jump to drop to l/e of its

initial value, Is 42

S*2
4k

40KOECHIER has developed an expression for the temperature profile in a
repetitively pulsed rod. His result is

L. - _ _ _ -. .. . . . . .
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I(N

1-ep(-K5 tp/?)
2

where If* number of shots

t - pulse interval

T thermal time constant r
A -ablE: cooling condition of the rod

B roots of 11J (B)AJ (on)
nni1 n on

Figure 5 sbove the relationship of temperature build-up to* thersal

relaxation ratio. 143

A'a a I

.

I00.3

Fig.t. Temperature buildup in the center of a repetitively
pumped laser rod versus number of shots. Plarameter
is the normalized repetition rate. Cooling f actor
A u10, pumping coefficient S 0.



With tho tharmnl profile thoe tbormnI affect& cnn be calcuinted ~

in the same manner as for the cv-pumped case. Thermal lensing as a

function of .repetition rate Is shown in Fig. 6. 4

r T. 30 C

43.

*2

Fig. 6. Thermal lensing in a Nd:YAG laser rod
as a function of repetition rate.

74.
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OSCILLATOR PFORMANCE4
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APPENDIX E

I.LASER OUTPUT

Mode-Locked Pulses

(oscillator)

Horis.: 2 as/DIV

Vert.: 10 mV/DIV

Amplified Node-Locked

Pulses

Flashlimp: 4.9kV

Horis.: 2 a/DIV

Vert.: 20 nV/DIV (filtered)

Amplified Mode-Locked lOme Burst

Flashlaup: 4.9kV

loriz.: 1 na/DIV '~
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II. Flashlamp Current and Voltage Records

(10 capacitor/loop)

Fl ashl amp A ,.

470 A /div (Ragovski
Loop)

2000 V/div (Voltage
Probe)

5 w/div

Flashlamp B

470 A /div (Raov.ki
Loop)

200 V/div (Voltage
Probe) 

IA

5 ms/div

a ,. *. ' .-.. -



Ill. EzPandod 10 an Burst (1 me frames) for Composite lapresentatiana
Vert.% 20 mV/div.; Horiz.: 100 us/div.

Flashlamp: 4.9kV

0 as dlay Ms a ay

5 an
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IV. Effect of Voltage Increases

I Capacitor/Flashlamp (1 a discharge)

4.9 kV. 5.3 kV

5.5 kV 5.9 kV



APPENIDIX F

DETECTION SYSTEMS

A study of V~rluus types uf pihotudetectors and related electronics was

made. The study concentrated on detectors aind RVACemm 1N IIfiIl for tding1106tes

of the laser output and diagnostics of the gas after laser heating by observation

of energy and temporal modifications to the beam. The major characteristic

required of a detection system to do bm= diagnostics is a rapid response, as

the mode-locked pulses are only lO0ps in width. Gas diagnostics require, in

- *addition, that the detector have good sensitivity since scattering processes

scatter only 109-8 to 101-3 of the incident radiation. The qualities of rapid

response and good sensitivity tend to be mutually exclusive in detector.

A general, nonexhaustive review of detectors, expanded from an article

in the Laser focus Buyer's Guido (1), is iicluded as background for the

discussion of some specific components.

There are three broad classes of detectors for the near-UV, visible, and

near-Il spectral range, grouped according to detection process: Photoemissivo,

semiconductor, and thermal. Photoemissive detectors use the photoelectric

effect, emitting electrons from a cathode when the cathode is struck by Light.

These electrons are the signal of light striking the detector. Photoemissive

devices are vacuum photodiodes, photomultiplier tubes, and microchannel plates.

s Photoultiplier tubes have excellent sensitivity, however, the complexity of

the tube slows the response time. To accurately reproduce a lO0ps wide pulse

requires a risetime (t,) of about 30-4Ops. Using the frequency bandwidth-rise-

time relationship (2,3]*

f - 3/tr

a pulse with a 35 ps risecime would require a 10Ghz bandwidth detector. This

* also applies to other electronics in the system, as will be discussed later.

for 1. 06u light, the spectral response needed is (RCA) 7 3ER. The S-1 spectral

response also has the required infared range, however, the 73ER response is

about five time more sensitive at 1.06u. The fastest tube in the RCA inventory
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with tihe 73ER reaponsu Ln thu C310340, with a rLsecime of 2.5ns. The C310340

has 4 quantum efficiency of 0.21 and an absoLute roeponsibLty of 2mA/W at 1.0bu.

A photomultiplier will respond to a light pulse much shorter than the FWIUI of

the tube, called a delta function pulse (4], however, the C31034D is not an

entirely satisfactory solution because of the slow response, especially since

the photomultiplier would be called on to respond to a train of pulses ions

apart. There are photomultipliers on the market with a much shorter risecime,

such as the Amperex 1P 2020 (1.3n), but these lack the required spectral

response. (5) Microchannel plates have much better rsksponse times than photo-

multiplier tubes, having risetimes of 200-400ps, but the plate must look at a

pulse train, and the time- to readout the MCP (about a microsecond [61) would

limit it to single pulse use. A factor in deciding to look for a more suitable

detector than a PM tube or a HCP is the extreme sensitivity, which would not

be a problem in gas diagnostics, but which would require extreme care if laser

beam diagnostics were done. Mifcrochannel platas cost about $30,000 each, which

is also an inhibiting factor in deciding whether to use them.

The second class of detector is the semiconductor detector. Semiconductor

detectors operate because of the energy sap between the valence band and the

conduction band. Energy from photons striking the detector raises electrons

into the conduction band where they appear as a signal. There are two main

types of semiconductor detectors, photodiodes and photoconductors. Photodiode

detectors operate at a reverse bias. When light is incident on the detector,

the detector becomes conductive with a constant resistance. This type of
detector is sometimes call photovoltaic. Photoconductive detectors operate by

varying detector resistance proportionally to varying light intensity. (7]

Both types of dector can be vary fast because both types employ solid state

processes. Solid state detectors are frequently made of silicon or Sermanium

or a compound of one of these. Typical spectral response of these types is

VIS-NIR (400-lm00na). Other detector materials include gallium arsenide, lead

**o°i
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sulfide, lead slenide, and others. See the attachod table of spctral ranpes

of detector materials. [81 The photodetector chosen for Initeil operation beam

diagnsotics is a Ford Aerospace silicon photomixer/laser detector diode L4501.

This detector has a spectral range of 400-1l00n with peak response at 800na

and a risetime of 6 -10ps. The detector is operated with a bias tee and a bias K :"

supply in the configuration shown below.

In a recent article in Laser Focus, S. Y. Wang described two GaAs Schottky p

photodiodes with very large bandwidths of 20GHz and 100Gz. [9] The 20Gz.

photodiode is a production model fabricated by Hewlett-Packard, and the 100Gz"

model is an experimental device in use of HP labs. The response time of these

photodiodes is outstanding, however, the spectral response cuts off at 850nm.

While these detectors are not suitable for 1.06u radiation, they are candidates

for beam monitoring when the laser output is frequency doubled. It may not be

necessary to employ a second detector type for doubled monitoring since the

spectral range of the Ford photodiode extends to 400Om. S. Sarraf has suggested

using an ITL TF1850 photodiode with an S-I spectral response as a beam monitor.

This would work to some extent, but the risetime of the TF1S0 is 100ps and

would distort the pulse shape considerably. [10] The TF1850 detector is also

considerably more expensive than the L4501.

The third class of detector is the thermal detector. Calorimeters,

pyroelectric detectors, and thermopiles are all versions of thermal detectors.

Thermal detectors work by using temperature changes to create a signal. This

is done in the case of thermopiles and calorimeters by using the thermoelectric

effect, and in the case of pyroelectrics by measuring the signal produced when

the polarization of a dielectric in a capacitor changes due to temperature b

change. The term "calorimeter" is sometimes used when talking about thermopile-

type detectors, as both types are used as the basis for power and energy

4 W . . *i *.-
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measuring instruments. One technique which may be used is to calibrate a

photodiode detector using a power/energy meter, then use the photodiode as a

monitor of the beam energy. This technique would getaround the inability of

conventional meters to separate out a single 100 ps pulse from a train of such

pulses. Scientech Inc. has a line of thermopile-based power/energy meters, of

which the 4" volume absorbing calorimeter combined with a power and energy

indicator would work well. Other companies manufacturing similar devices are

Gentech, Advanced-Kinetics, and Apollo Lasers. This type of instrument is

very comon and should present no problems in terms of inability to meet

specifications for energy measurement of this system. A pyroelect-ric detector

was suggested as an energy monitoring device for the laser, but use of the

photodiode should make this unnecessary. It should be noted that at Los Alamos

National Laboratory a pyroelectric detector was made to function on a l0-35ps

scale in conjunction with a LANL-built ocilloscope. [11] The reason (besides

potential for fast response) the pyroelectric detector was chosen was because

of its good room temperature response at 10.6u, a wavelength where semiconductor

detectors often have excessive noise due to background infared radiation. The

material chosen for the LANL system was strontium barium niobate (SBN). The

article also talked about using another instrument to calibrate the detector

to be used as the beam monitor. In the case of the LANL experiment, the device

used to calibrate the detector was a streak camera.

The streak camera was purposely left out of the classification of

detectors because it is more of a system than any of the detectors previously

discussed. The streak camera operates much like a TV camera, and can obtain

very good time resolution and very good sensitivity. Hasamatsu sells a streak

camera system (Temporaldisperser) with resolution to ips. There is currently

on loan to the laboratory a framing/streak camera made by Imacon with a

resolution of about 15Ops. The problem vith purchasing a camera system is that

streak cameras currently cost $40,000-$100,000. The operation of a camera as
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a dector is tedious, making more attractive the idea of using the camera as a

calibration tool for a separate detector.

With the detector ameans is needed of recording the detector signal for

analysis. The same limitations on bandwidth/risetime apply to the detector
I.

electronics as to the detectors themselves. A fudge to gat around this require-

will be explained later. The problem to be overcome (as with the detectors) is

that the mode-locked pulses are extremely short and have a very short risetime.

The frequency at which, the pulses occur is 100HZ (TtaOns) which is well within

the response of many detectors and ociiloscopes. The frequency response

required to respond without distortion to the individual pulses is about 10GHz,

which is beyond the capability of any comdrcial ocilloscope or transit sampler

today. There are two ways of recording the detector signal. The first method

is to use a high speed ocilloscope and to photograph the trace. The fastest

ocilloscope "on the market today is the Tektronix 7104,. vith a bandwidth of 1GHZ

and.a risetime of 350ps. This scope would display the mode-locked pulses, but

would distort them considerably. There are sampling oscilloscopes which can

accurately reproduce up to 14GHz signals, but these require a repetitive signal.

The lms to 10O pulse train is not long enough to allow the use of sampling,

. which samples parts of many pulses and produces a composite pulse with the

sam characteristics as the original signal. The fastest conventional oscillo-

scopes after the 7104 are 500MHRz bandwidth scopes. This includes ocilloscopes

produced by Hewlett-Packard and other companies. The second method for recording

the signal is the use of a transient digitizer. These are manufactured by

several companies, including.Gould Biomation and Tektronix. The waveform

digitizer is able to take an incoming signal and store it digitally for display

or analysis. The fastest digitizer currently on the market is the Tektronic

7912AS Programable Transient Waveform Digitizer. This has a variable real time

bandwidth from 650MHz to 1GHz, depending on the plug-ins used. The advantae

of the digitizer is that the signal can be fed to a computer for correction

'p.



6
I"

(of the bandwidth distortion) and for analysis of the signal itself. The

7912AD has a sampling rate vhich samples 512 times during a window 5ns to 10..

* wide giving a sample spacing of 9 .8ps to 19.5us between samples. This is up

to a .00GHz samplIng rate. The analog response of the amplifier and other

7912AD electronics is not sufficient to amplify and accurately through out a

signal with a frequency of 100G~z. The process which occurs Is that the amplifier

amplifies a signal and sends the signal to the sampling electronics. The

sampling electronics makes a record of the voltage every lOps (when operating

at the maximum rate). If the frequency of. the signal is .beyond the bandvidth/

risetime of the rest of the system electronics, the sampling electronics will

read the voltage each lops (max rate) of a-si al which has been distorted, ,

broadened, or poorly amplified to a greater of lesser extent which depends on

the frequency of the original signal..
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b. Research Objectives

The aim of the analytical effort is to study the detailed mechanisms

,1 Involved in laser-gasdynamic interactions to Improve our understanding of '"

the physical mechanism involved. Specific aspects of this problem which

were addressed Include:

1. Verify the capability for obtaining two-dimensional numerical

solutions. Continue to upgrade algorithm to improve reliability and

convergence.

2. Calculate the rate of propagation of the absorption zone in an

internal flow situation and estimate variations In absorption zone volume

with dominant parameters in the laser propulsion problem Including: laser

power, intensity, f-number, gas constituents and absorptivity t

characteristics.

3. Develop a one-dimensional stability analysis of the

laser-gasdynamio interaction and assess potential instabilities which may

be encountered in experimental situations.
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c. Status of Research Effort

Detailed modeling of laser-flowfield interactions is proceeding in

three distinct, but related, directions. In the simplest, a

one-dimensional analysis is being used. The second direction that is being

pursued is the solution of the complete two-dimensional problem including

the effects of arbitrary beam convergence and realistic oross-beam

intensity profiles. The third area of analysis concerns the stability

characteristics of the laser-gasdynamic interaction. Thus far, stability

characteristics are being studied In only the one-dimensional approximation.

These analyses all share a common numerical procedure.

The physical phenomena being modeled are indicated on Fig. 1. In

particular, the analysis takes into account (equilibrium) real gas

properties Including specific heats, molecular weights, viscosity,

conduotivity and gas absorptivity. In the one-dimensional analysis the

incoming radiation is constrained to be uniform across the passage and to

converge at the same rate as the geometry. In the two-dimensional analysis

the beam can be focused at an arbitrary point, and can have an arbitrary

cross-stream Intensity profile. The stability analysis considers the K

amplification of infinitesimal disturbances by the laser-gadynamio

interaction with the intent of illuoidating the dynamic behaviors of these"yr

interactions.

During the present twelve months, a parametric study of the

one-dimensional Interaction was begun. Previous work had Included "

representative one-dimensional solutions, but no systematic studies.

Representative results were reported in Ref. dT which showed that the mass

flow through a one-dimensional nozzle with laser heat addition could attain

multiple values. This arises because of a hysteresis loop that is
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encountered as laser power is first increased to high levels and then

reduced to low values. At low powers, laser absorption is very low, but

above a particular power level the fractional power absorbed jumps to high
levels (approaching 100). As power is lowered again, this high fractional

absorption persists until substantially lower powers at which point it

again abruptly goes "out", thus creating a region of multiple solutions.

Similar studies of the efffeot of inlet temperature show similar substantial

changes in fractional power absorption with changes in the inlet

temperature. Some representative results of this nature are shown on Fig. .

2.

The first-ever two-dimensional calculations which couple the effects

of a variable gas absorptivity to a flowing gas were also completed during

the present year. (Some previous two-dimensional results for a constant

absorptivity gas were reported In Ref. d6.) In these calculations, the

absorptivity of hydrogen with 1% Cs seedant was used. Representative

temperature contours for a series of laser powers are shown in Fig. 3. One

of the characteristics noted in the two-dimensional flow is that the

central portion of a gaussian beam is absorbed more rapidly than the outer .

portion so that the peak Intensity at downstream stations occurs off-axis, ,,

as shown in Fig. 4. The two-dimensional results show that the strongest

gradients are In the radial (not the axial) direction and that gas flow

rates are completely independent of the one-dimensional eigenvalue

solutions.

Results of the one-dimensional stability characteristics of a

laser-gadynamic interaction were also calculated during the subject

reporting period. These results show that disturbances are amplified in a

converging nozzle for almost all conditions, but that this amplification is
*.'*%
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weak and Is offset by the available damping at other points in the nozzle.

Some representative growth/deoay curves for disturbances of one wavelength

are given in Fig. 5. Other results were reported In Ref. d7.
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Figure 3. Temperature Contours for Laser Heat
Addition. Flow from Left to Right. 9
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e. Professional Personnel Associated with Research Effort

Professional Staff

Charles L. Merkle, Principal Investigator, Professor, Mechanical
Engineering

Graduate Students -

Michael J. Stanek, Graduate Assistant, February 1981-August 1982.
M.S. Thesis title, "Analytical Studies of the Absorption
Mechanisms of Equilibrium Hydrogen." Present position:
Lieutenant, US Air Force, AFWAL/POTC, WPAFB, OH.

Anil Gulati, Graduate Assistant, September 1981-August 1983.
M.S. Thesis title, "The Absorption of Electromagnetic Radiation
In an Advanced Propulsion System." Present position: Ph.D.
Candidate, Dept. of Aerospace Engineering, U. Michigan, Ann Arbor,
MI.

Gregory A. Molvik, Graduate Assistant, M.S. 1984, Present address:
CFD Group, NASA/Ames, Moffett Field, CA.

Peter Tsai, Graduate Assistant, September 1983-Present.
Anticipated M.S. Thesis, "Stability Characteristics of Laser-
Supported Plasmas."

r=%

5..-..

... .*w°

1.i

I.

. -...-.- .... . ............................ ... %....~ .,...,.. _.-.,,-. -...



12
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March 26, 1981.

"The Potential for Using Laser Radiation as an Energy Source for
Propulsion," Orbit Raising Propulsion Workshop, Orlando, FL,
January 16, 1982.

"The Use of Electromagnetic Radiation as an Energy Source for
Propulsion," Symposium on Advanced Propulsion Concepts Using
Time-Varying Electromagnetic Fields, East Lansing, MI, February 4,
1982.

"Analysis of Laser-Supported Plasmas in Flowing Media," AFOSR/AFRPL
Rocket Propulsion Research Meeting, Lancaster, CA, March 3, 1982.

"The Absorption of Electromagnetic Radiation in an Advanced Propulsion
System," AIAA Electric Propulsion Meeting, New Orleans, LA, November
19, 1982.

"Prediction of the Flowfield in Laser Propulsion Devices," AIAA 18th
Thermophysics Conference, Montreal, Canada, May 1983.
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Schemes," AIMA 6th CFD Conference, Danvers, MA, June 1983.

"A Two-Dimensional Analysis of Laser Heat Addition in Converging
Nozzles," AIAA Aerospace Sciences Meeting, Reno, NV, January 1984.

"Stability of Absorption Phenomena in Laser-Thermal Propulsion
Gasdynamic Interaction," AIAA 17th Fluid Dynamics, Plasmadynamics &
Lasers Conference, Snowmass, CO, June 25-27, 1984.

"High Power Nd-Glass Laser Instrument for Advanced Propulsion and
Diagnostics", AFOSR/AFRPL Rocket Propulsion Research Meeting,
Lancaster, CA, March 12-15, 1984.

f.2. Interactions (Advisory Functions)

Member of Workshop Panel, "Concepts and Experiments," NASA/Michigan
State Symposium on Advanced Propulsion Concepts Using Time-Varying
Electromagnetic Fields, February 1982.

"Aerospace Propulsion at Penn State," presentation to General Robert
T. Marsh, USAF, The Pennsylvania State University, University Park,
PA, May 5, 1982.
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g/h. New Discoveries and Other Statements I

The first two-dimensional solutions of the interaction between a

laser beam and a flowing gas have been obtained. These results afford

substantial new understanding of the laser absorption process. The results

show that radial gradients arising near the edge of the converging beam are

stronger than axial gradients, thus Indicating that the earlier approximate

one-dimensional analyses for this problem are complete incorrect. The mass

flow through the absorption zone can also take on nearly any value and is

not restricted to a unique eigenvalue as suggested by these earlier models.

The results also show that the fraction of power absorbed is maximized by

proper selection of the incoming power, the mass flow and the pressure

level in the nozzle. The power remaining in an initial gaussian beam is

likely to be concentrated near the outer edges of the beam as the central

part of the beam Is absorbed most readily. The two-dimensional results

also suggest substantial amounts of energy can be absorbed in the diverging

portion of the beam.

The stability results are all one-dimensional in nature and must be

considered as qualitative at best, but they represent the most complete

study of the stability problem. The results show that heat addition in a

converging nozzle provides a proper environment for amplification of

disturbances, but in the one-dimensional analysis, this amplification does
I'..

not appear to cause difficulties except in limiting ases of very high

powers where Instabilities may prevent a stable solution.
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